The metabolism of pentose-phosphate was investigated in Plasmodium fakiparum-infected normal and glucose-6-phosphate dehydrogenase (G6PD)-deficient human red blood cells in vitro.
Introduction
Erythrocyte glucose-6-phosphate dehydrogenase (G6PD)' deficiency is a widespread heritable X-linked abnormality which 1. Abbreviations used in this paper: G6PD, glucose-6-phosphate dehydrogenase; GSH, reduced glutathione; PRPP, 5'-phosphoribosyl-1-pyrophosphate. affects approximately 100 million persons worldwide. The geographical distribution of this enzyme deficiency often coincides with a high incidence of falciparum malaria in the same regions (1) . This observation has given rise to a "malaria hypothesis" regarding this and other red blood cell polymorphisms, which states that variant red cells, such as G6PD-deficient red cells, confer a selective advantage against lethal malaria infection, resulting in a high frequency of the variant gene in populations with a high prevalence of malaria. Very strong experimental evidence for the protective effects of sickle hemoglobin (Hb S) has been obtained (2) , but until the last decade, most of the evidence supporting the malaria hypothesis for G6PD deficiency remained epidemiological in nature. Recently, in vitro culture of Plasmodium falciparum in G6PD-deficient red cells allowed Roth et al. (3) and Luzzatto et al. (4) to document that inhibition of parasite growth does in fact occur. However, the biochemical mechanisms for the diminished growth rate remains obscure.
G6PD deficiency first came to medical attention as a hemolytic disease secondary to the ingestion of certain pro-oxidant drugs and foods which produced reduced glutathione (GSH) instability. Thus, inhibition of malaria parasite growth was believed to be due to overwhelming oxidant stress and GSH instability, both ofwhich could destroy the host red blood cell and its parasite (5) . Indeed, oxidant substances such as menadione (5) , alloxan, phenylhydrazine (6) , and divicine (7) can be shown to accelerate the destruction of parasitized red blood cells in vitro and/or prolong survival of infected rodents with normal G6PD activity. However, a consistent and pervasive oxidant stress conferring protection in human falciparum malaria has not been demonstrated in natural infections. We therefore have considered other mechanisms for the inhibitory action ofG6PD deficiency upon the growth of the malaria parasite.
G6PD is the first enzyme ofthe hexose monophosphate shunt pathway, which permits the red cell to produce ribose compounds and NADPH in a few simple enzymatic steps. While the fivecarbon sugars probably play a small role in the needs of the uninfected, mature and non-proliferating red cell, they are undoubtedly essential to the parasite, which needs to synthesize a considerable quantity of RNA and DNA in its 48-h red cell growth cycle that yields 16-32 daughter parasites. We hypothesize that a reduction in pentose shunt activity may result in an impaired production of ribose derivatives, including the key ribose metabolite in nucleotide production by either salvage or de novo synthesis, 5-phosphoribosyl-l-pyrophosphate (PRPP). We have therefore focused on the metabolism of PRPP in P.
falciparum-infected red blood cells. Since PRPP required for nucleic acid synthesis can also be produced by pathways which bypass G6PD, we have estimated the contribution of the shunt in nucleic acid synthesis. In addition to investigating infected red cells, we have used uninfected normal and G6PD-deficient red cells as models for some of the possible metabolic events likely to be encountered during malaria infection. In particular, we have considered the effects of a diminished reduced glutathione concentration and oxidant stress on ribose metabolism. We have shown that defective metabolism of ribose compounds does occur in infected G6PD-deficient erythrocytes. However, this phenomenon is primarily caused by low GSH levels rather than by impaired synthesis of ribose phosphate via the defective hexose monophosphate shunt.
Methods
P. falciparum (FCR-3 strain) was maintained in culture by the method ofTrager and Jensen (8) . Sedimentation in gelatin was used to concentrate parasitized red cells (9) . Parasitemia and stage ofgrowth were determined from Giemsa-stained smears. We obtained blood samples from normal blood bank donors and previously identified G6PD-deficient donors of both the African (G6PD A-) and Mediterranean types. Red cell G6PD enzyme activity was determined as previously described (3) .
PRPP determination. PRPP was measured by the radiometric method of Tax and Veerkamp (10) in which PRPP was extracted from infected and control red cells by heat (I 00C). Recovery of a known quantity of PRPP by this method was 85.3%±7.6 (SD). Synchronized cultures were washed three times in phosphate-buffered isotonic saline; hemoglobin concentration was determined by the cyanmethemoglobin method, and red cells were counted on a model Z Coulter counter (Coulter Electronics, Inc., Hialeah, FL). PRPP was determined by using ['4Clorotate, which in the presence of PRPP is enzymatically converted to orotidylic acid and then decarboxylated to uridylic acid with the evolution of 14CO2-The latter is trapped in an organic base (NCS) and mixed with a toluenebased Omnifluor liquid scintillation cocktail and counted. The enzyme was measured by a variation ofthe same method for PRPP as described by Tax and Veerkamp using a PRPP-generating system dependent on PRPP synthetase activity derived from red cell/parasite lysates (10) . Exogenous GSH at optimum concentration was always provided for this assay.
Incorporation ofspecifically radiolabeledglucose into plasmodial nucleic acids. The meaning ofthis study depends closely on the assumption that 1-'4C-labeled glucose will lose its radioactive carbon if it is metabolized via the pentose shunt to ribose according to the reactions shown in Fig. 1 . If glucose is metabolized to ribose by any other pathway (to be described below), then the 1-'4C label is not lost. [6-"'C]glucose does not lose its label by any of the available pathways because glucose is not metabolized beyond lactate in the red cell-parasite system (1 1), as no complete tricarboxylic acid cycle is present. Thus, a study of different labeling patterns of parasite nucleic acids starting from 1-'4C-or 6-'Clabeled glucose can be used to determine the contribution of the hexose monophosphate shunt pathway to nucleic acid ribose.
Parasites were inoculated into normal and G6PD-deficient (Mediterranean type) red cell suspensions and allowed to proceed through one growth cycle. The infected cells were enriched by gelatin sedimentation and reinoculated into fresh red cells of the same G6PD type so that contamination of the G6PD-deficient cells with normal cells from the original inoculum containing normal red cells was avoided. After 24 h, the medium was replaced with fresh culture medium and the cultures (now at the ring stage) were divided into two I0-ml Petri dishes. 50 MCi [1-14C]-or [6-'4C]glucose (New England Nuclear, Boston, MA) were added to each dish. The final specific activity for each label was 5 mCi/ mol glucose. It was necessary to use 50uCi/10 ml cell suspension because preliminary experiments had demonstrated that -99% ofthe glucose is converted to lactic acid and other low molecular weight compounds which are discarded with cell washing and fractionation. Each l0-ml aliquot was further separated into two 5-ml Petri dishes at an hematocrit of5% with a 5% parasitemia which yielded a total of 2.75 X I08 parasites exposed to either C-l or C-6 labeled glucose. After with the radioactive glucose, the cells were washed in serum-free medium and lysed in 0.1% saponin in medium without serum. The disrupted cells were sedimented in siliconized glass tubes at 3,000 g for 15 min, which resulted in a pellet containing parasites, hemozoin pigment, and membrane fragments. The pellets were frozen with 5,000 units of heparin at -80'C until extraction of the nucleic acids was performed.
Extraction ofnucleic acids. The pellets were suspended in 0.1 M Tris (pH 7.4), EDTA (12.5 mM), with 1% SDS to which had been added RNAsin (2,000 U/ml), a placental RNAase inhibitor (Biotech, Inc., Madison, WI). Proteinase K was added to a final concentration of 500 ,gg/ml, and the samples were incubated at 370C for 1 h. Following extraction with a 1:1 mixture of phenol/chloroform, and then, with chloroform/isoamyl alcohol (24:1), the nucleic acids were alcohol precipitated. The pellet was dissolved in diethyl-pyrocarbonate-treated 5 mM EDTA, and the absorbance determined at 260 and 280 nm. The nucleic acids were highly purified as shown by the 260:280 ratio of 2.2. A portion of this material was precipitated with 5% cold trichloroacetic acid in the presence of nonradioactive carrier DNA. The precipitate was trapped on a nitrocellulose filter and counted in a Beckman liquid scintillation spectrometer (Beckman Instruments, Fullerton, CA). Another aliquot was treated with RNase A (boiled to remove DNase activity) for 30 min at 370C, and re-extracted first with chloroform/phenol and then with chloroform/isoamyl alcohol, and finally reprecipitated with ethanol. The purity ofeach preparation was determined by gel electrophoresis followed by ethidium bromide staining. The specific activity for the total nucleic acid preparation was determined on five separate aliquots and expressed as counts per minute per microgram nucleic acid (mean±SD). Differences in specific activity were analyzed by the F test and Student's t test with a correction for small sample size ( 12) .
The role ofGSH in PRPP synthesis ofintact cells. Normal and G6PD-deficient human red blood cells were obtained in heparin. The buffy coat was removed by aspiration, and the cells were suspended in isotonic glycyl-glycine-phosphate buffer, pH 7.4 (13) , and incubated with chlorodinitrobenzene which, because of the action of glutathione-S-transferase, removes red cell GSH and no other sulfhydryl-containing material (14) . Residual GSH was measured by the method of Beutler (15) . The cells were washed three times in the same buffer and incubated at 37°C, with 5 mM inosine for 30 min. In the presence ofred blood cell nucleoside phosphorylase inosine is split into ribose-I -phosphate and hypoxanthine (16) . In the presence of PRPP synthetase and suitable cofactors such as GSH, Mg", and ATP, ribose-l-phosphate (after conversion to ribose-5-phosphate by red cell phosphoglucomutase) is converted to PRPP (17) . When GSH-depleted red cells are subjected to this procedure, the study becomes a test of the requirement of PRPP synthetase for GSH. It should be noted that PRPP synthetase, but not nucleoside phosphorylase or phosphoglucomutase is dependent on GSH as a cofactor (16, 17) .
Effect ofascorbate metabolic stress on PRPP synthesis. Normal and G6PD-deficient erythrocytes from freshly drawn heparinized blood were washed; the buffy coat was removed by aspiration, and the cells were suspended at a packed cell volume of 20% in glycyl-glycine phosphate buffer, pH 7.4, at 37°C with 10 mM glucose. Neutralized sodium ascorbate was added to one portion of the cell suspension (final concentration, 25 mM) as a source of H202, and the cells were incubated for 1 h. At the end of this incubation, the cells were processed for GSH and PRPP determinations as described above. In all of the model experiments with uninfected red blood cells, removal ofthe white cell-platelet portion by aspiration of the buffy coat or by passage through a column of alpha crystalline cellulose (18) yielded similar results.
GSH content ofP. falciparum-infected erythrocytes. Malaria cultures were established as described above in normal or in G6PD-deficient erythrocytes. The infected cells were concentrated by gelatin sedimentation, and washed twice in saline. GSH was determined by the method of Beutler (15) . Results were expressed as micromoles of GSH per gram of hemoglobin (measured by the cyanmethemoglobin method), because the cyanmethemoglobin method is not sensitive to the conversion of a portion of the hemoglobin into hemozoin. (This phenomenon, which is related to the inability of the parasite to catabolize the heme moiety, will be the subject of separate report.) [ 1-'4C] glucose in the nucleic acids derived from parasites growing in G6PD-deficient red cells. The small difference (7.1%) which is seen in G6PD-deficient infected red cells is not significant, whereas the difference (18.4%) seen in parasites from normal red cells is gnificant at the 1% level. The extracted nucleic acids were shown by acrylamide gel electrophoresis to be of high molecular weight and purity (ratio O.D., 260:280 nm = 2.2), which permits comparisons of specific activity from differentially labeled glucose with confidence. Digestion of the nucleic acid preparation with RNA'ase demonstrated that -80% ofthe extracted nucleic acids consists of RNA, and the remainder of DNA.
Requirement ofPRPP synthetase for GSH. Uninfected red cells can be selectively depleted of GSH by enzymatic conjugation with chlorodinitrobenzene which affects no other -SH group in either the red cell membrane or cytosol. Following partial or near total depletion of GSH (Table IV) , there is a decreased ability of the red cell to synthesize PRPP from inosine. While inhibition of PRPP synthesis can be detected when GSH content falls to 50% of normal values, severe inhibition occurs only below this level. The data confirm the need of PRPP synthetase for GSH (19) and suggest a possible mechanism whereby PRPP synthesis may be blocked.
GSH content ofP. falciparum-infected normal and G6PD-deficient red blood cells. Red cell GSH declined to a variable extent in both normal and G6PD-deficient red cells placed in culture (Table V) . The decline is more severe in G6PD-deficient cells, and is most severe in G6PD Mediterranean red cells. It is of interest that there is little further decline in GSH levels produced by malaria infection. The severely GSH-depleted G6PD-deficient red cells clearly lack GSH as a cofactor for PRPP synthesis as well as for other functions where -SH group protection is afforded by GSH.
Pathways ofPRPP synthesis. In close agreement with previously reported values (10), the PRPP content of freshly col- t P < 0.01; C-l-glucose vs. C-6-glucose. § P = NS; C-l-glucose vs. C-6-glucose. lected human red cells obtained in our laboratory is 5.6±0.72 (SD) nmol/g Hb. The baseline values described in these studies are often many times higher than the presumed in vivo values. This relates to the sensitivity of PRPP synthetase to inorganic phosphate content which is two-to threefold higher in culture medium than in blood. In some ofthe experiments with glycylglycine buffer, normal phosphate values are exceeded sixfold. Inorganic phosphate is known to be an important modulator of PRPP concentration (20) . However, increases in inorganic phosphate mainly influence the activity ofPRPP synthetase and do not preferentially influence any particular pathway of carbohydrate metabolism, although total glycolysis may be stimulated. Similarly, inosine is capable of raising red blood cell PRPP after cleavage of the ribose-phosphate moiety by nucleoside phosphorylase (Table IV) without directly affecting any pathway of glucose metabolism. Ascorbate incubation, on the other hand, augments pentose shunt activity in normal red cells and increases the production of ribose by oxidation of 6-phosphogluconate. Thus, in normal red cells, ascorbate stimulation ofthe pentose pathway increases PRPP content 10-fold, whereas stimulation ofG6PD-deficient red cells produced only a twofold increase (Table VI) .
Discussion
The impaired growth of P. falciparum in G6PD-deficient red cells has been explained by the lack of NADPH which drives the enzymatic reduction of oxidized glutathione, which in turn accumulates during exposure to oxidant stress. The present studies were undertaken to explore other possible consequences of the decreased pentose shunt activity in G6PD-deficient cells.
The following new information has emerged from our studies: (a) P. falciparum growing in G6PD-deficient red cells have an abnormally decreased content of PRPP. (b) Infected G6PD-deficient red cells have decreased or absent reduced glutathione.
(c) While PRPP synthetase enzyme quantity is not affected in G6PD-deficient red cells, the low content of GSH is likely to inhibit its activity. (d) 18% of the glucose incorporated into nucleic acids by P. falciparum enters by way of the pentose shunt in normal red blood cells. In infected G6POD-deficient (Mediterranean) cells, virtually no glucose enters nucleic acids by this pathway. PRPP plays a key role in purine ribonucleotide metabolism and also participates in the synthesis ofribonucleotides of orotic acid and nicotinic acid (NAD and NADP) in mammalian cells (21) . Stimulation of the pentose shunt is known to increase PRPP content (22) , but attempts at pentose shunt stimulation in G6PD-deficient red cells fail to augment PRPP or purine nucleotide content (22) . A block or even a partial block at this level of the metabolic pathway in rapidly proliferating cells is likely to have a material effect on growth rate. The lower PRPP levels seen in infected G6POD-deficient cells appears to be caused principally by the low GSH content and its effect on PRPP synthetase activity. The contribution ofthe pentose shunt to PRPP synthesis appears to be relatively minor. It appears, therefore, that low PRPP synthetase activity secondary to low GSH levels is the predominant cause ofparasite growth inhibition in G6PD-deficient cells rather than the quantitatively smaller contribution of ribose-phosphate directly from hexose monophosphate shunt metabolism. Further evidence of anomalous pentose metabolism in malaria-infected G6PD-deficient red cells is suggested by the finding of an abnormal labeling pattern of nucleic acids when prolif- 
The data obtained with specifically labeled ['4C]glucose suggest that most of the PRPP is synthesized by the second pathway, the condensation oftriose and fructose phosphates. This pathway does not require the first enzyme of the pentose shunt pathway and would incorporate radiolabeled C-l or C-6 from glucose into pentose equally. The data obtained here are in agreement with Horecker's view ofthe Pentose shunt pathway (24) . He has noted that in most mammalian systems, 75% of the pentose is obtained by the non-oxidative route (reaction 2). He, therefore, has viewed the C-1-gluoxidation pathway (reaction 1) not as part of a cycle, but as one of two parallel pathways in the formation ofpentose phosphate from hexose phosphate. The special function ofthe less used oxidative pathway is for the generation of NADPH. The third method for synthesizing PRPP does not appear to be relevant to in vivo conditions, but remains a convenient method for manipulating cells in vitro and for demonstrating the functioning of nucleoside phosphorylase and PRPP synthetase. Reitzer et al. (21) have recently considered the role of the pentose shunt in providing pentose phosphates for nucleic acids in HeLa cells. Of interest was their conclusion that the pentose shunt was not essential for the production of NADPH in HeLa cells (unlike the red cell). Instead, they pointed to its role as a source ofpentose phosphate as the essential function ofthe shunt. The same authors also considered some of the potential errors in comparing the metabolic fates of C-I vs. C-6 labeled glucose, and concluded that the extent of recycling of glucose and randomization of labels are not likely to lead to serious errors of interpretation by this method. The abnormal pattern ofglucose metabolism found in infected G6PD-deficient red cells suggests that the parasites use the host cell metabolic machinery for much of its nucleic acid synthesis, at least as far as the carbohydrate contribution to that process is concerned. In the rear total absence of a pentose shunt (as seen in G6PD Mediterranean), virtually all the pentose in nucleic acids retains the !'C-I from selectively labeled glucose. The possible presence ofsmall quantities ofparasite-derived G6PD (25) do not appear to have influenced the incorporation pattern of ["'C]glucose. A definitive statement on this problem must await further studies on parasites which have been adapted to G6PD-deficient cells through several growth cycles.
The data presented here show that in normal human red cells, oxidative stress stimulates PRPP production by increasing shunt activity. Thus, parasite-related oxidant stress could benefit the parasite itself. In this regard, it is interesting to note that we have previously shown that GSH stability is enhanced in normal erythrocytes infected with P.falciparum (1 1) . This finding implies that the parasite normally is prepared to handle increased oxidative stress while at the same time using the PRPP which may be generated by the increased pentose shunt activity which has been triggered by that same oxidant stress. GSH declines to the same extent in both infected and uninfected cells kept under culture conditions. Thus, no special parasite dependent oxidant stress need be involved.
How do these data relate to the previous explanations given for a selective advantage for G6PD deficiency in the face of potentially lethal malaria infection? The traditional interpretations rely on a decline in GSH content based on the inability of G6PD-deficient red cells to generate NADPH-an event which, in red cells, requires an intact pentose shunt together with an overwhelming oxidant stress. A significant oxidative stress, either created by the parasite itself or by some exogenous material, is always postulated, but rarely demonstrated (26) . We and others have previously described a number of findings in normal infected red cells which suggest that the parasite/red cell unit is well protected against oxidative stress by enrichment with vitamin E and host superoxide dismutase as well as enhanced GSH stability (27, 28) .
The explanation offered here, like the traditional one, is based on the lack of reduced glutathione, but in the present formulation, there is no need to invoke a co-existant oxidative stress; the reduction in GSH content has serious and pervasive deleterious consequences for parasite growth without requiring the cataclysmic destruction which is seen when oxidant drugs are given to malaria-bearing animals (26) . A mechanism ofthis type has the advantage of being continuously active under all circumstances for each growth cycle of the parasite.
We previously documented a 50% inhibition of parasite growth (3, 29) in G6PD-deficient cells. There was no total block of parasite proliferation, but the lower in vivo parasitemias implied by this finding could certainly confer enhanced fitness on the bearer of G6PD-deficient red cells. The biochemical data provided here are clearly consistent with the degree of growth inhibition which we have observed and affirm the role of G6PD deficiency as a potent malaria resistance factor.
